A liquid chromatographic (LC) method was developed for the determination of emamectin and its metabolites (8,9-Z-isomer, N-demethylated, N-formylated, and N-methylformylated emamectin) in various crops. The analytes were extracted with acetone, cleaned up on cartridge columns (C 18 and NH 2 ), derivatized with trifluoroacetic anhydride and 1-methylimidazole, and determined by LC with fluorescence detection. Because radish inhibited the formation of the fluorescent derivatives, an additional Bond Elut PRS cartridge was used in the cleanup of Japanese radish samples. During sample preparation, N-formylated emamectin partially degraded to emamectin B 1b and emamectin B 1a , and the 8,9-Z-isomer partially degraded to N-demethylated emamectin. Therefore, emamectin and its metabolites were determined as total emamectin, i.e., their sum was estimated as emamectin benzoate. Their recoveries from most crops were approximately 80-110% with the developed method. The detection limits for the analytes in vegetables were 0.1-0.3 parts per trillion (ppt). The results for these compounds were confirmed by LC/mass spectrometry (LC/MS; electrospray ionization mode). Because the fluorescent derivative of emamectin was undetectable by LC/MS, the results for the analyte were confirmed by using a sample solution without derivatization. Limits of detection by LC/MS were similar to the fluorescence detection limits, 0.1-0.3 ppt in vegetables. In addition to the emamectins, milbemectin, ivermectin, and abamectin were also determined by the developed method.
A bamectin and milbemectin are macrocyclic lactone chemicals isolated from soil microrganisms (1, 2) . Emamectin and ivermectin are similar compounds derived from abamectin (3) . These 4 chemicals are used as acaricides or parasiticides for animals or plants. Milbemectin is a mixture of milbemectin A 3 and milbemectin A 4 (4) .
Emamectin is a mixture of approximately 90% emamectin B 1a and approximately 10% emamectin B 1b . Emamectin has various metabolites such as the 8,9-Z-isomer, and N-demethylated, N-formylated, and N-methylformylated emamectin (5) . Figure 1 shows the structures of these chemicals. In Japan, emamectin benzoate and milbemectin were registered for use by the Environmental Agency (6, 7), and the maximum residue limit (MRL) for emamectin benzoate in crops was officially established by the Ministry of Health and Welfare in November 1999. Abamectin, which is applied to crops in some countries (4, 8, 9) , has not been allowed for this use in Japan, but both abamectin and ivermectin are currently applied for the control of parasites in animals (10, 11) .
Several methods have been reported for determining residual macrocyclic lactones in crops (8, 9, 12, 13) . A liquid chromatographic (LC) method with UV detection was reported for the determination of abamectin residues in vegetables (8) ; however, UV detection was not sensitive enough for the residue determination. An improved method, using derivatization and fluorescence detection for macrocyclic lactone chemicals, was developed (14) . Most derivatizations are performed with trifluoroacetic anhydride and 1-methylimidazole, and these procedures are very sensitive. Only a few attempts have so far been reported for the simultaneous determination of macrocyclic lactones (15) . Most chromatographic techniques reported used isocratic elution, which does not completely separate various compounds, including the metabolites. Liquid-liquid partitioning was applied in previously reported methods; however, it needs much solvent and glassware in contrast with solid-phase extraction.
The purpose of the work described here was to develop a rapid and sensitive Japanese official method for emamectin benzoate. In addition, other macrocyclic lactones (milbemectin, abamectin, and ivermectin) were examined for simultaneous determination by the developed method. LC/mass spectrometry (LC/MS), in the electrospray ionization mode (ESI), was used for confirmation.
METHOD

Instruments
(a) LC system.-A Hewlett-Packard (Waldbronn, Germany) 1100 liquid chromatograph with a fluorescence detector, operated at an excitation wavelength of 365 nm and an emission wavelength of 470 nm, and a 150 × 4.6 mm id Wakosil-II 3C18HG column with 3 µm particle size (Wako Pure Chemical Industries Co. Ltd., Osaka, Japan). The flow rate was 1.0 mL/min with an oven temperature of 50°C and an injection volume of 5 µL. Solvent A was acetonitrile, and solvent B was water. The gradient elution conditions were as follows: initially 80% A-20% B, programmed to 90% A-10% B over 5 min, programmed to 93% A-7% B over 20 min, and programmed to 100% A over 2 min (27 min total analysis time). The column was equilibrated by maintaining the initial conditions for 5 min before the next injection.
(b) LC/MS system.-A Shimadzu (Kyoto, Japan) LCMS-QP8000 liquid chromatograph/mass spectrometer and a 150 × 2.0 mm id Wakosil-II 3C18HG column with 3 µm particle size (Wako Pure Chemical Industries Co. Ltd.) were used. The flow rate was 0.2 mL/min with an oven temperature of 50°C and an injection volume of 5 µL. Solvent A was 0.2% acetic acid in acetonitrile and solvent B was 0.2% acetic acid in water. The gradient elution conditions were as follows: initially 30% A-70% B, programmed to 100% A over 20 min, and held at 100% A for 2 min (22 min total analysis time). The column was equilibrated by maintaining the initial conditions for 5 min before the next injection. 4 , Aba, and Ivr, each at 100 µg/mL, in acetonitrile. Working standard solutions were prepared by appropriate dilutions of the stock solutions with acetonitrile.
Reagents and Materials
Extraction
Tea.-A powdered sample (1 g) was placed in a 25 mL centrifuge tube, and 20 mL acetone was added. The centrifuge tube was capped and shaken for 3 min. After centrifugation (7500 × g), the supernatant was transferred to a 100 mL round-bottom flask, and the sediment was again extracted with 10 mL acetone. Both supernatants were combined in the round-bottom flask and evaporated to dryness with a rotary evaporator. The residue was dissolved in 2 mL methanol (Solution A).
Vegetables.-A chopped sample (20 g) was placed in a 200 mL homogenizer cup, and 100 mL acetone was added. After homogenization, the extract was filtered, and the extraction was repeated with an additional 50 mL acetone. All extracts were combined in a 300 mL round-bottom flask and evaporated with a rotary evaporator to completely remove the acetone. An aqueous solution was obtained (Solution B).
Cleanup
Tea.-Bond Elut NH 2 cartridge (1 g) already conditioned with 5 mL methanol was attached to the end of the Bond Elut C 18 cartridge already conditioned with 5 mL ethanol (Figure 2) . Solution A was loaded onto the Bond Elut C 18 cartridge. The flask was rinsed with 2 mL methanol. The analytes were eluted with the rinsings and an additional 10 mL methanol, and the eluate was collected in the 100 mL round-bottom flask. The Bond Elut NH 2 cartridge was then detached from the Bond Elut C 18 cartridge and eluted with 10 mL ethanol into the same flask. The eluate was evaporated to dryness with a rotary evaporator, and the residue was dissolved with approximately 4 mL methanol-ethyl acetate (1 + 1).
Vegetables except radish.
- (1) Trapping analytes with Bond Elut C 18 .-A Bond Elut C 18 cartridge (1 g) was conditioned with 5 mL ethanol, followed by 10 mL water. Solution B was loaded onto the cartridge. The 300 mL round-bottom flask was rinsed with 10 mL water-methanol (95 + 5), and the rinsings were added to the cartridge column. The end of the column was aspirated to remove the water. (2) Elution of analytes from the column.-A Bond Elut NH 2 cartridge (1 g) already conditioned with 5 mL methanol was attached to the end of the Bond Elut C 18 cartridge holding the analytes (Figure 2 ). The 300 mL round-bottom flask was rinsed with 10 mL methanol. The analytes were eluted with the rinsings and an additional 10 mL methanol, and the eluate was collected in the 100 mL round-bottom flask. The Bond Elut NH 2 cartridge was then detached from the Bond Elut C 18 cartridge and treated as described in the section for tea.
Radish.
- (1) Trapping analytes with Bond Elut C 18 .-The procedure for vegetables except radish was followed. (2) Elution of analytes from the column.-A Bond Elut PRS cartridge (1 g) already conditioned with 5 mL methanol was attached to the end of the Bond Elut C 18 cartridge holding the analytes. A Bond Elut NH 2 cartridge (1 g) already conditioned with 5 mL ethanol was attached to the end of the Bond Elut PRS cartridge (Figure 2 ). The 300 mL round-bottom flask was rinsed with 10 mL methanol, the rinsings were added to the cartridge column, and the eluate was collected in a 100 mL round-bottom flask. The analytes were eluted with 10 mL methanol, and the eluate was collected in the flask. The Bond Elut PRS-NH 2 cartridges were detached from the Bond Elut C 18 cartridge and eluted with 10 mL 1% ammonium acetate in methanol, and then the Bond Elut NH 2 cartridge was detached from the Bond Elut PRS cartridge and eluted with 10 mL ethanol. (3) Removal of ammonium acetate.-The eluate was evaporated with a rotary evaporator, 10 mL water was added, and the solution was loaded onto a Sep-Pak C 18 cartridge (360 mg) that had been conditioned with 5 mL ethanol and 5 mL water. The cartridge column was rinsed with 10 mL water, which was then discarded. The round-bottom flask was rinsed with 4 mL methanol. The rinsings were added to the cartridge column, and the eluate was collected in a 50 mL round-bottom flask. The analytes were eluted with 10 mL methanol. The eluate was evaporated to dryness with a rotary evaporator, and the residue was dissolved in approximately 4 mL methanol-ethyl acetate (1 + 1).
Derivatization and Determination
Derivatization was modified by the Method of Standard to Withhold Registration of Emamectin Benzoate (6). The sample and standard solutions were transferred to previously silylated glass tubes, evaporated to dryness with a rotary evaporator, and completely dried under a nitrogen purge. The residues were dissolved in 0.2 mL ethyl acetate and 1 mL acetonitrile (both previously dehydrated by molecular sieves), and 0.1 mL 1-methylimidazole was added. The tubes were capped, the contents were vortexed, and all samples, standards, and freshly prepared trifluoroacetic anhydride-acetonitrile (1 + 3) were placed in an icebox at ice temperature for 10 min. After cooling, 0.3 mL trifluoroacetic anhydride-acetonitrile (1 + 3) was added to each sample and standard tube. The tubes were capped and allowed to stand for 10 min. Each sample or standard was diluted with acetonitrile to 2 mL in a volumetric flask for LC determination.
Quantitation EB 1 , AMI, FA, MFA, and 8,9-Z were quantified by measurement of chromatographic peak area. Each ppm value was converted to ppm emamectin benzoate, and the total emamectin calculated was their sum. Because EB 1a and 8,9-Z isomer were derivatized to the same fluorescent derivative (15), the calculated value for EB 1a included 8,9-Z. The equation for the calculation is as follows: The molecular weight of emamectin benzoate divided by the molecular weight of each metabolite gave conversion coefficients of 1.16, 1.12, and 1.10, respectively.
The concentrations of MA 3 , MA 4 , Aba, and Ivr were determined by comparison with their respective calibration curves.
Results and Discussion
LC Conditions
The MRL for emamectin benzoate was established as 0.1 ppm in vegetables and 0.5 ppm in tea, although UV detection without derivatization is not sensitive for residue analysis. On the other hand, fluorescence detection is sensitive enough to determine residual emamectin benzoate. An octadecylsilyl column, 3 µm particle size, was used to decrease the run time without decreasing resolution. Figure 3 shows the liquid chromatograms obtained for the target compounds. The major peaks of emamectin and emamectin metabolites (hereafter referred to as emamectins) were separated except for EB 1a and 8,9-Z, which gave the same derivative. The limits of detection are shown in Table 1 .
Derivatization
Because this derivatization requires anhydrous conditions, ethyl acetate and acetonitrile were dehydrated with molecular sieves, and glass test tubes were silylated to decrease the adsorption of water on the inner walls. The recovery of AMI was especially influenced by even the residual small amounts of water. The sample solution was diluted to a final volumn of only 2 mL in a volumetric flask for high sensitivity. A methanol-ethyl acetate mixture was the best solvent to dissolve the residue of the sample extract for transfer to the silylated test tube. Neither methanol alone nor ethyl acetate alone dissolved the residue.
Sample Preparation
Tea.-The Bond Elut C 18 cartridge was used to prevent contamination of the LC column. Because a sample size of >1 g caused contamination of the LC column, 1 g tea was taken for analysis. The Bond Elut NH 2 cartridge was used to remove interfering compounds. To reduce the frequency of evaporation, we used 2 cartridge columns connected to each other. In this way, we were able to decrease preparation time and decomposition occurring during evaporation.
Vegetables.-Because acetone in the extract caused a low trapping rate of analyte on the C 18 cartridge column, acetone in the extract had to be completely removed. When the eluate from the NH 2 cartridge column was evaporated, the small amount of residual water in the eluate was easily removed with a rotary evaporator; thus, aspiration of the C 18 cartridge column was enough to remove water from the column.
Radish.-A component of the Japanese radish extract inhibited the formation of fluorescent derivatives. EB 1a and AMI were influenced very strongly by the inhibitor, which severely decreased recoveries. For other kinds of radish (turnip, red radish), similar results were obtained. Elution of the Bond Elut PRS cartridge column with 1% ammonium acetate in methanol was effective in removing the inhibitor. The use of methanol for elution of the Bond Elut PRS cartridge resulted in low recoveries of EB 1a and AMI; the addition of ammonium acetate improved their recoveries. Ammonium acetate appears to be the counter ion for emamectin benzoate. The ammonium acetate remained after evaporation of the eluate, which also contained nonevaporable water that inhibited the formation of fluorescent derivatizatives. For removal of the ammonium acetate, a Sep-Pak C 18 cartridge was more effective than liquid-liquid partitioning with ethyl acetate-water. Table 2 shows the primary constituents of standards of EB 1 and its metabolites used for fortification in the recovery studies. Table 3 and Figure 4 show the recoveries of emamectins from various fortified crops and typical chromatograms, respectively. During sample preparation, FA degraded to EB 1b . EB 1 was a mixture of EB 1a as the main component and EB 1b as a minor component. EB 1a and 8,9-Z partially degraded to AMI during sample preparation. The rate of degradation to AMI was not constant, but the percentage of total emamectin recovered was relatively constant. A part of the AMI added to eggplant was recovered as EB 1a . Accordingly, it is likely that AMI and EB 1a each degraded to the other. As mentioned above, it is reasonable that the amounts of emamectins be reported as their sum, estimated as ppm emamectin benzoate. Table 4 and Figure 5 show the recoveries of MA 3 , MA 4 , Aba, and Ivr from various fortified crops and typical chromatograms, respectively. Aba and Ivr mainly consist of Aba B 1a and Ivr B 1a , respectively; therefore, the recovered analytes were calculated as B 1a . Milbemectin is a mixture of MA 3 and MA 4 . Residual milbemectin in commercial powdered tea consisted of similar amounts of MA 3 and MA 4 ; therefore, recoveries of both MA 3 and MA 4 were calculated.
Recoveries
The commonly accepted range of recovery for residue determination is 70-120% in Japan. For most of the crops, recoveries were about 80-110%, within the acceptable range. Recoveries of FA added to chlorophyll-rich crops like tea and broccoli were relatively low. It is possible that FA was not retained by the Bond Elut C 18 column, or that FA could have degraded under chlorophyll-rich conditions. The recovery of AMI from tea was low. The derivatization of AMI was influenced most strongly by water, and the eluate of tea contained much sediment. The low recovery may have been caused by the presence of a little water in the sediment.
Confirmation by LC/MS
The fluorescent derivatives of the analytes in standard solutions could be detected by LC/MS; however, the corresponding derivatives in sample solutions were undetectable. Sample contaminants might interfere with the ionization of the analytes in the mass spectrometer. Therefore, the underivatized analytes in the samples were measured by LC/MS. Figure 6 shows typical LC/MS chromatograms of a standard mixture. The limits of detection of the LC/MS procedure were similar to those of LC with fluorescence detection for all the analytes except milbemectin (Table 1) .
Conclusions
Emamectin benzoate, the emamectin metabolites, and the related compounds milbemectin, abamectin, and ivermectin were simultaneously extracted with acetone, cleaned up on cartridge columns, and determined by LC with gradient elution and fluorescence detection. The method is rapid and easy compared with the liquid-liquid partitioning method, and the sensitivity is very high. The inhibitor in Japanese radish that prevented the formation of a fluorescent derivative was removed by a Bond Elut PRS cartridge with 1% ammonium acetate in methanol as the eluant. Recoveries from most crops by the developed method were about 80-110%, within the acceptable range for a Japanese official method. The fluorescent derivatives of the analytes in sample solutions were undetectable by LC/MS (ESI). Therefore, sample solutions without derivatization were analyzed by LC/MS for confirmation.
